With both small-cell LTE and Wi-Fi networks available as alternatives for deployment in unlicensed bands (notably 5 GHz), the investigation into their coexistence is a topic of active interest, primarily driven by industry groups. 3GPP has recently standardized LTE licensed assisted access (LTE-LAA) that seeks to make LTE more co-existence friendly with Wi-Fi by incorporating similar sensing and back-off features. Nonetheless, the results presented by industry groups offer little consensus on important issues like respective network parameter settings that promote "fair access" as required by 3GPP. Answers to such key system deployment aspects, in turn, require credible analytical models, on which there has been a little progress to date. Accordingly, in one of the first works of its kind, we
I. INTRODUCTION
T HE increasing penetration of high-end handheld devices using high bandwidth applications (e.g multimedia streaming) has led to an exponential increase in mobile data traffic and a consequent bandwidth crunch. Operators have had to resort to provisioning high bandwidth end-user access via small cell LTE or 802.11 Wi-Fi networks to achieve desired per-user throughput. However, in hot-spot (very high demand) scenarios, dense deployment of such small cells inevitably leads to the need for time-sharing of the unlicensed spectrum between LTE and Wi-Fi, for example, when two (non coordinating) operators respectively deploy overlapping Wi-Fi Manuscript and small-cell LTE networks. An immediate frequency band of interest for such coexistence operation is the 5 GHz UNII bands in US where a significant swath of additional unlicensed spectrum was earmarked by the FCC in 2014 [2] . Wi-Fi networks have been architected for operating in unlicensed spectrum via a time-sharing mechanism among Wi-Fi nodes based on the Distributed Coordination Function (DCF), and with non-Wi-Fi networks via energy detection (ED) and dynamic frequency selection (DFS) [3] . On the other hand, there are two specifications for unlicensed LTE operation with a view to coexistence: LTE Licensed Assisted Access (LTE-LAA) and LTE Unlicensed (LTE-U). 1 LTE-LAA has been developed by 3GPP and integrates a Listen-Before-Talk (LBT) mechanism [5] , [6] -similar to Carrier-Sense-Multiple-Access with Collision Avoidance (CSMA/CA) for Wi-Fi -to enable spectrum sharing worldwide in markets where it is mandated. LTE-U employs an (adaptive) dutycycle based approach -denoted as Carrier Sense Adaptive Transmission (CSAT) -to adapt the ON and OFF durations for LTE channel access [4] . Specifically, 3GPP has sought to achieve a notion of 'fair coexistence' [5] , [7] whereby "LAA design should target fair coexistence with existing Wi-Fi networks to not impact Wi-Fi services more than an additional Wi-Fi network on the same carrier, with respect to throughput and latency".
As currently specified, both LTE-LAA and LTE-U utilize carrier aggregation between a licensed and an (additional) unlicensed carrier for enhanced data throughput on the downlink (DL), and all uplink traffic is transmitted on the licensed carrier. In this work, we only focus on Wi-Fi/LTE-LAA coexistence and defer Wi-Fi/LTE-U coexistence for future work. Despite significant efforts led by industry, there does not exist as yet a credible analytical model for investigating the coexistence mechanism proposed by 3GPP. Further, as discussed in the next section, many of the industry results based on simulations or experiments remain independently unverifiable (as can be expected -using proprietary tools or internal laboratory resources) and lack the commonly accepted analytical basis to create the necessary transparency. Consequently, results on this topic appear to be divided into two camps -one (pro-LTE) claiming that 'fair' coexistence is feasible under the rules as proposed whereas the other (pro Wi-Fi) suggesting significant negative impact and unfairness due to the presence of LTE. This has created an impasse with dueling positions based on incompatible results and no mutually acceptable pathway for crafting a methodology that builds confidence on both sides. We believe that our approach incorporating a mix of fundamental modeling backed by careful, transparent experiments will make a significant contribution towards this, and enable practical deployment of LTE-LAA LBT load based equipment (LBE) co-existing with Wi-Fi [5] , [6] for the indoor scenario in Fig. 1 .
The specific novel contributions of this work include:
• A new analytical model for throughput of LTE-LAA and Wi-Fi for simple coexistence scenarios consistent with 3GPP, assuming saturation; • Modeling the impact of energy detection (ED) threshold and exploring its impact on the throughput of Wi-Fi and LTE-LAA; • Validating analytical results via experimental results using the National Instruments (NI) Labview platform. This paper is organized as follows. Section II discusses the related research in industry and academia. Section III contains a self-contained description of the media access control (MAC) protocols of LTE-LAA and Wi-Fi. In Section IV, a new model for coexistence of Wi-Fi and LTE-LAA is developed and used to estimate throughput. Section V investigates the impact of ED threshold on coexistence throughput. Section VI provides detailed numerical and experimental results of Wi-Fi / LTE-LAA coexistence and explores the impact of ED threshold. Section VII concludes the paper.
II. RELATED WORK
Interest in LTE/Wi-Fi co-existence has been driven by the finalization of 3GPP Release 13 [5] , that inspired significant industry-driven exploration of this topic. One of the early works to explore 5 GHz LTE/Wi-Fi coexistence [8] from a radio resource management perspective shows that Wi-Fi can be severely impacted by LTE transmissions implying that achieving some measure of fair coexistence of LTE and Wi-Fi needs to be carefully managed. In [9] , a simulation based performance evaluation of LTE/Wi-Fi coexistence also showed that while LTE system performance is slightly affected, Wi-Fi is significantly impacted by LTE since Wi-Fi channel access is most often blocked by LTE transmissions, causing the Wi-Fi nodes to stay in the listen mode more than 96% of the time. In [10] , the coexistence of Wi-Fi and LTE-LAA was investigated through an experimental set-up that explored the impact of the relevant carrier sensing thresholds. The LBT method in LTE-LAA employs different back-off parameter values from standard DCF in Wi-Fi, and the consequence of this asymmetry is worthy of careful investigation. 2 A second issue is the recommended sensing thresholds, for a Wi-Fi node detecting LTE transmission and vice-versa. For example, the Energy Detect (ED) threshold of -62 dBm that is used by Wi-Fi to detect any out-of-network transmission (including LTE) may not be appropriate as LTE interference weaker than −62 dBm has been shown to be harmful to an ongoing Wi-Fi transmission. Their investigation revealed that coexistence fairness is impacted by multiple factors -the contention parameters for channel access, as well as the sensing threshold and transmission duration. [11] On the other hand, Qualcomm [13] investigated the coexistence of Wi-Fi with LTE-LAA and LTE-U through simulation and showed that significant throughput gain can be achieved by aggregating LTE across licensed and unlicensed spectrum; further (and importantly), this throughput improvement does not come at the expense of degraded Wi-Fi performance and both technologies can fairly share the unlicensed spectrum. Ericsson in [14] explored aspects of LTE-LAA system downlink (DL) operation such as dynamic frequency selection (DFS), physical channel design, and radio resource management (RRM). An enhanced LBT approach was proposed for improving coexistence of LTE-LAA and Wi-Fi and results from a system-level simulation for 3GPP evaluation scenarios showed that fair coexistence can be achieved in both indoor and outdoor scenarios.
In summary, industry driven research has produced mixed results: some results predict largely negative consequences for Wi-Fi with the proposed LTE-LAA coexistence mechanisms, and others that claim that fair coexistence is feasible with necessary tweaks or enhancements. There is a great need to cohere these opposing conclusions and characterize scenarios in which different conclusions are (legitimately) possible; progress on this requires a careful and transparent approach such as ours using model-based analysis of the problem. We next summarize some of the pertinent academic literature -that while undertaking exploration of aspects of network performance in coexistence scenarios, have largely not focused on 3GPP prescriptions for 'fair' sharing.
For example, [15] explores design aspects of LBT schemes for LTE-LAA as a means of providing equal opportunity channel access in the presence of Wi-Fi. Similarly [16] proposed an enhanced LBT algorithm with contention window size adaptation for LTE-LAA in order to achieve fair channel access as well as Quality of Service (QoS) fairness. In [17] , Han et al. designed the MAC protocol for LTE-LAA for fair coexistence -the LTE transmission time is optimized for maximizing the overall normalized channel rate contributed by both LTE-LAA and Wi-Fi while protecting Wi-Fi.
The prior art on analytical models for coexistence throughput of Wi-Fi and LTE-LAA [18] , [19] is the closest in spirit to this contribution, based on adaptation of the Bianchi model. In [19] , the channel access and success probability are evaluated for the coexistence of LTE-LAA and Wi-Fi but without considering the LTE-LAA LBT implementation defined in [5] and [6] which follows exponential back-off. Similarly, in [18] , the coexistence of LTE-LAA and Wi-Fi throughput is evaluated for fixed contention window size (again not conformal with the 3GPP standard). In [20] , the throughput performance of LTE-LAA and Wi-Fi is calculated for both fixed and exponential back-off; however, the packet transmission for LTE-LAA is assumed exactly the same as Wi-Fi -transmitted with 9μs resolution slots while in reality, LTE-LAA follows the usual 0.5 ms transmission boundaries of LTE. In summary, a proper evaluation of coexistence of Wi-Fi and LTE-LAA LBT as proposed by 3GPP [5] , [6] is still outstanding.
Finally, while the imperative of much of the coexistence investigations are driven by progression to fair sharing as defined by 3GPP, we do not explore that issue in any depth in this work. This very important aspect deserves a much deeper investigation and is left for separate future work. Nonetheless, we quote a few relevant important prior art that has contributed to our understanding of the overall problem. In [21] and [22] , Cano and Leith derive the proportional fair rate allocation 3 for Wi-Fi/LTE-LAA (as well as Wi-Fi/LTE-U) coexistence. Also in [7] , the fairness in the coexistence of Wi-Fi/LTE-LAA LBT based on the 3GPP criteria is investigated through a custombuilt event-based system simulator. Their results suggest that LBT (and correct choice of LBT parameters) is essential to achieving proportional fairness.
III. COEXISTENCE OF LTE-LAA AND WI-FI: MAC PROTOCOL MECHANISMS
In this section, the MAC protocol of Wi-Fi and LTE-LAA is presented. While LTE-LAA uses LBT to mimic Wi-Fi DCF, there are some key differences which are highlighted, as these have a significant bearing on the respective channel access. The definitions of the parameters in this paper are provided Table I .
A. Wi-Fi DCF
The Wi-Fi DCF employs CSMA/CA [23] as illustrated in Fig. 2 . Each node attempting transmission must first ensure that the medium has been idle for a duration of DCF Interframe 4 and carrier sensing (CS) 5 mechanism. When either of ED and CS is true, the Clear Channel Assessment (CCA) is indicated as busy. If the channel is idle and the station has not just completed a successful transmission, the station transmits. Otherwise, if the channel is sensed busy (either immediately or during the DIFS) or the station is contending after a successful transmission, the station persists with monitoring the channel until it is measured idle for a DIFS period, then selects a random back-off duration (counted in units of slot time) and counts down. The back-off counter is chosen uniformly in the range [0, 2 i W 0 − 1] where the value of i (the back-off stage) is initialized to 0 and W 0 is the minimum contention window. Each failed transmission due to packet collision 6 results in incrementing the back-off stage by 1 (binary exponential back-off or BEB) and the node counts down from the selected back-off value; i.e. the node decrements the counter every σ μs corresponding to a backoff slot as long as no other transmissions are detected. If during the countdown a transmission is detected, the counting is paused, and nodes continue to monitor the busy channel until it goes idle; thereafter the medium must remain idle for a further DIFS period before the back-off countdown is resumed. Once the counter hits zero, the node transmits a packet. Any node that did not complete its countdown to zero in the current round, carries over the back-off value and resumes countdown in the next round. Once a transmission has been completed successfully, the value of i is reset to 0. The maximum value of back-off stage i is m and it stays in m stage for one more unsuccessful transmission. If the last transmission was unsuccessful, the node drops the packet and resets the back-off stage to i = 0. If a unicast transmission is successful, the intended receiver will transmit an Acknowledgment frame (ACK) after a Short Interframe Spacing (SIFS) duration post successful reception; the ACK frame structure is shown in Fig. 3 which consists of the preamble and MAC header.
B. LTE-LAA LBT
LTE-LAA follows a LBT approach for coexistence with Wi-Fi [6] which is similar in intent to CSMA/CA with the following key differences as illustrated in Fig. 4 :
(a) LTE-LAA performs a CCA check using 'energy detect' (CCA-ED) where it observes the channel for the defer period (T d ). The T d depends on the access priority class number in Table II . There is no CS in LTE-LAA like Wi-Fi for performing preamble detection. If sensed idle and the current contention does not immediately follow a successful transmission, the LTE-LAA node starts transmission; if sensed busy, it reverts to extended CCA (eCCA) whereby it senses and defers until the channel is idle for T d , and then performs the exponential back-off similar to DCF, i.e. the node selects a back-off counter and decrements the back-off counter every slot time T s = 9 μs the same as Wi-Fi nodes. We assume the back-off slots in Wi-Fi and LTE-LAA are synchronized.
(b) As illustrated in Table II , LTE-LAA identifies 4 channel access priority classes with different minimum and maximum contention window size.
(c) When a collision happens, the back-off number is selected randomly from a doubled contention window size for retransmission (i.e., [0, 2 i W 0 −1], where i is the retransmission stage for selecting the contention window size). When i exceeds the maximum retransmission stage m , it stays at the maximum window size for e l times (e l is the retry limit after reaching m ) where the e l is selected from the set of values {1, 2, . . . , 8}; then, i resets to 0.
(d) When an LTE-LAA eNB gets access to the channel, it is allowed to transmit packets for a TXOP duration of up to 10 ms when known a-priori that there is no coexistence node, otherwise up to 8 ms.
(e) The minimum resolution of data transmission in LTE-LAA is one subframe (i.e., 1 ms) and LTE-LAA transmits one subframe per 0.5 ms slot boundary;
(f) After the maximum transmission time, if data is available at the LTE-LAA buffer, it should perform the eCCA for accessing the channel.
In LTE, a Resource Block (RB) is the smallest unit of radio resource which can be allocated to a UE, equal to 180 kHz bandwidth over a transmission time interval (TTI) equal to one subframe. Each RB of 180 kHz bandwidth contains 12 sub-carriers, each with 14 OFDM symbols, equaling 168 resource elements (REs). Depending upon the modulation and coding schemes (QPSK, 16-QAM, 64-QAM), each symbol or resource element in the RB carries 2, 4 or 6 bits per symbol, respectively. In an LTE-LAA system with 20 MHz bandwidth, there will be 100 RBs available.
Each subframe consists of 14 OFDM symbols as indicated in Fig. 4 , of which 1-3 are physical downlink control channel (PDCCH) symbols and the rest are physical downlink shared channel (PDSCH) data. As already mentioned, LTE-LAA eNB transmits per LTE slot boundaries, i.e. at the start of 0.5 ms LTE slots for (at least) one subframe (2 LTE slots). If the eNB acquires the channel before the start of (next) LTE slot, it may need to transmit a reservation signal to reserve the channel. After the transmission period, the receiver (or receivers) transmits the ACK through the licensed band if the symbols are successfully decoded.
IV. COEXISTENCE ANALYSIS USING A MODIFIED BIANCHI MODEL
In this section, we first modify the 2-D Markov model in [1] for analyzing the performance of the Wi-Fi DCF protocol as specified by [23] . Then we propose a new Markov model for the LTE-LAA LBT system. Finally, the analytical modeling for Wi-Fi and LTE-LAA coexistence (both networks use rhe same 20 MHz channel) is used to calculate the throughput of each system when all nodes are saturated.
A. Analyzing Wi-Fi DCF Using a Markov Model
The 2-dimensional Markov chain model [1] for Wi-Fi DCF is shown in Fig. 5 for the saturated nodes. Let {s(t) = j, b(t) = k} denote the possible states in the Markov chain, where s(t) is the retransmission stage and b(t) the backoff counter. The Markov chain and correspondingly one step transition probability in [1] is modified based on the explanation in Section III-A. In [1] , when the back-off stage reaches the maximum value m, it stays at m forever (i.e. infinite retransmission). However, in Wi-Fi when the maximum value is reached, the back-off stage stays at m for one more attempt and then resets to zero in case of an unsuccessful transmission. Therefore, the modified one step transition probabilities of the Markov chain are:
where P w is the collision probability of Wi-Fi nodes, W 0 is the minimum contention window size of Wi-Fi, W i = 2 i W 0 is the contention window size at the retransmission stage i, and i = m is the maximum retransmission stage (i.e., i = j for j ≤ m and i = m for j > m). The first equation in (1) represents the transition probability of back-off decrement; the second equation represents the transition probability after successful transmission and selecting a random back-off at stage 0 for contending for the next transmission; the third equation represents the transition probability after unsuccessful transmission in which the contention window size (W i ) is doubled; the last equation represents the transition probability after unsuccessful transmission in (m + 1)th stage in which the next random back-off values should be selected from the minimum contention window size.
Considering the stationary distribution for the Markov model as b j,k = lim t→∞ P {s(t) = j, b(t) = k}, j ∈ (0, m + 1), k ∈ (0, W i − 1), we can simplify the calculation by introducing the following variables in (1):
the last equation implies that,
In each retransmission stage, the back-off transition probability is
We can derive b 0,0 by the normalization condition, i.e., m+1 j=0 Hence, the probability that a node transmits in a time slot is calculated using (3) and (5) as,
.
(6)
B. Analyzing LTE-LAA Using a Markov Model
In LTE-LAA, all nodes in an access priority class use the LBT mechanism for channel contention. The two-dimensional Markov chain model of LTE-LAA LBT is illustrated in Fig. 6 for the saturated nodes; when the retransmission stage reaches m , it stays in maximum contention window size for e l times, then resets to zero. Similarly, denoting {s(t) = j, b(t) = k} as the states in the Markov chain, where s(t) is the retransmission stage and b(t) the back-off counter, the one step transition probabilities are:
where P l is the collision probability of LTE-LAA nodes, W 0 is the minimum contention window size of LTE-LAA, W i = 2 i W 0 is the contention window size at retransmission stage i, and i = m is the maximum retransmission stage (i.e., i = j for j ≤ m and i = m for j > m ). The first equation in (7) represents the transition probability of backoff decrements; the second represents the transition probability after successful transmission and selecting a random back-off at stage 0 for the contending for the next transmission; the third represents the transition probability after unsuccessful transmission in which the contention window size (W i ) is doubled; the last equation represents the transition probability after unsuccessful transmission in (m + e l )th stage in which the next random back-off values reset to the minimum contention window size (W 0 ). To simplify the calculation, we introduce some formulas derived from Fig. 6 and (7) which relates the states b j,k to b 0,0 :
the last equation is rewritten as,
For each retransmission stage, the back-off transition probability is
The b 0,0 can be derived by imposing the normalization condition as
where b 0,0 is derived as in (12) , as shown at the bottom of this page.
Hence, the probability that a node transmits in a time slot is calculated as,
b 0,0 = 2
C. Throughput of Wi-Fi and LTE-LAA in Coexistence
We assume that there are n w Wi-Fi APs and n l LTE-LAA eNBs which are co-channel and co-located, each with full buffer. To be consistent with 3GPP, we consider only downlink (DL) transmission (one client per AP/eNB), implying that the contention is between only the APs and eNBs. We denote τ w (τ l ) to be the access probability of a Wi-Fi (LTE-LAA) node in each time slot. Thus, for a network with n w Wi-Fi APs and n l LTE-LAA eNBs, the collision probability of a Wi-Fi AP with at least one of the other remaining (n w − 1 Wi-Fi and n l LTE-LAA) stations is given by,
where P w is now coupled to both Wi-Fi and LTE-LAA nodes via τ w and τ l . Similarly, the collision probability for an LTE-LAA eNB with at least one of the other remaining (n w Wi-Fi and n l − 1 LTE-LAA) stations is,
where P l depends on both Wi-Fi and LTE-LAA via τ w and τ l . In order to compute the P w , P l , τ w , and τ l for the coexistence of Wi-Fi and LTE-LAA, we need to jointly solve (6), (13), (14) , and (15) . The transmission probability of Wi-Fi, which depends on the contention parameters of both Wi-Fi and LTE-LAA through τ w , is the probability that at least one of the n w stations transmit a packet during a time slot:
and similarly the transmission probability of LTE-LAA is:
The successful transmission of a Wi-Fi node is the event that exactly one of the n w stations makes a transmission attempt given that at least one of the Wi-Fi nodes transmit:
Similarly the successful transmission probability of LTE-LAA is calculated as:
Through the interdependence of Wi-Fi and LTE-LAA in the access probability of Wi-Fi and LTE-LAA, the transmission probability of Wi-Fi and LTE-LAA as well as the successful transmission probability are affected. To compute average throughput, we need the average time durations for a successful transmission and a collision event, respectively, given by:
where the values of the parameters are listed as required for calculation (the parameters presented in terms of number of bits, are converted to time based on the channel data rate provided in the numerical results section). The average time duration of successful transmission and collision event for LTE-LAA are
where the T D is the TXOP of LTE-LAA -which could be upto 10 ms for access priority class 3 and 4 [6] . D LT E is the delay for the next transmission which is one LTE slot (0.5 ms). After transmission for TXOP, the transmitter waits for the ACK and then resumes contention for the channel for the next transmission. If an LTE eNB wins channel contention before the start of the next LTE slot, it transmits a reservation signal to reserve the channel until the end of the current LTE slot to start packet transmission. This means that LTE-LAA contends in the σ = 9μs time slot, similar to Wi-Fi, but after accessing the channel it begins its data transmission based on the LTE slot. The throughput of Wi-Fi is calculated as:
where P trw P sw (1−P trl ) is the probability that Wi-Fi transmits a packet successfully in one Wi-Fi slot time, and r w is the Wi-Fi physical layer data rate. T E is the average time of all possible events given by,
where T cc is the average time of the collision between Wi-Fi APs and LTE-LAA eNBs, determined by the larger value between T cw and T cl . Similarly the throughput of LTE-LAA is calculated as
where 13 14 T D is the fraction of the TXOP in which the data is transmitted, i.e. 1 PDCCH symbol in a subframe with 14 OFDM symbols is considered, and r l is the LTE-LAA data rate.
V. IMPACT OF ENERGY DETECT (ED) THRESHOLD ON WI-FI AND LTE-LAA COEXISTENCE
We next investigate the effect of changing the ED threshold on the throughput performance of Wi-Fi and LTE-LAA in a coexistence network. In contending for channel access, Wi-Fi performs preamble based CS 7 for detecting other Wi-Fi stations and ED for detecting external interference. In contrast, LTE-LAA uses CCA-ED detection for detecting both in and out of network transmissions. The ED threshold in generic Wi-Fi system is −62 dBm and −72 dBm in LTE-LAA. The accuracy of preamble detection for low threshold is very high, but cross-network ED based detection is imperfect at low threshold values. Varying ED thresholds of Wi-Fi and LTE-LAA networks thus leads to varying hidden node problems (whereby additional packet drops occur due to the resulting cross-network interference) that impact the respective networks differently and lead to divergent network throughputs.
A. Probability of Detection in Energy Detector
Considering a sampling rate of 50 ns in a 20 MHz Wi-Fi channel, the received signal in the presence of interference (H 1 ) and no interference (H 0 ) is:
where r(n) is the received signal, w(n) is the AWGN noise, x s (n) is the modulated interference signal, and h(n) is the channel impulse response (assume normalized channel, i.e. n |h(n)| 2 = 1). The test statistic for the energy detector (ED) is:
where M is the length of received sample sequence for test statistics. For Wi-Fi DIFS duration of 34 μs, M = 680, the probability of detection is calculated as [24] :
where η is the ED threshold, σ 2 x is the signal power and σ 2 n the noise power. Given ED threshold and number of samples, the detection probability can be calculated.
B. Modifying Analytical Model to Capture ED Threshold
In order to incorporate the impact of ED threshold on cross network detection, we introduce P dw as the cross network ED detection probability of the Wi-Fi AP and P dl as the cross network ED detection probability of the LTE-LAA eNB. To incorporate the ED detection probability of Wi-Fi, we first begin by rewriting the Wi-Fi collision probability (14) as
where (1 − (1 − τ l ) n l ) is the probability that at least one of the LTE-LAA eNBs transmit, i.e it is the probability that the LTE-LAA is active (or ON). To capture the imperfect detection of Wi-Fi nodes (P dw ), which results in additional 'physical layer collision' and consequent packet loss, we multiply the (1 − (1 − τ l ) n l ) term in eq. (28) by the P dw as, Similarly the collision probability of LTE-LAA based on eq. (15) can be recalculated considering the LTE-LAA detection probability (P dl ) as:
Using these modified equations, the analytical throughput in the previous section can be re-calculated as a function of these detection probability.
VI. EXPERIMENTAL AND NUMERICAL RESULTS
In this section, we first present experimental results obtained using the National Instruments (NI) Labview platform for validation of our analytical model. Further, we extend the numerical results to capture the effect of different parameters in different LTE-LAA access priority classes and explore the effect of ED threshold on throughput.
A. Coexistence Experiment and Comparison With Analytical Derivation
The NI 802.11 Labview Application Framework provides functional elements of the Physical (PHY) layer as well as the Medium Access Control (MAC) layer. The module code includes receiver (RX) and transmitter (TX) functionality and elements for channel state handling, slot timing management, and backoff procedure handling. The MAC is implemented on a Field Programmable Gate Array (FPGA) and tightly integrated with the PHY to fulfill the requirements for interframe spacing (such as SIFS, and DIFS), as well as slot timing management to allow frame exchange sequences, such as DATA, ACK and basic DCF for CSMA/CA protocol.
Our experimental platform uses National Instruments USRP 2953 R software defined radios (SDRs) as illustrated in Fig. 7 . The NI boards used in our set-up can be configured either with two Wi-Fi APs or two LTE-LAA NI eNBs. As a benchmark comparison, we study two NI Wi-Fi APs (i.e., both Cell A and Cell B in Fig. 7 are Wi-Fi) which are co-channel (on Channel 161) and contending to transmit downlink data. Full buffer is assumed for both Wi-Fi APs. The hardware requirements consist of two computers which have at least 8 GB RAM (Installed Memory), 64-bit operating system, x64-based processor, Intel(R) Core i7, CPU clock 2.60GHz. The setup also contains 4 antennas covering the 5 GHz  TABLE III   WI-FI AND LTE-LAA PARAMETERS   TABLE IV NI LABVIEW EXPERIMENTAL SETUP PARAMETERS ISM band. To study the impact of collisions in the medium we further increased the number of Wi-Fi nodes to 4 (i.e., 2 NI Wi-Fi and 2 Netgear Wi-Fi APs) & 6 (i.e., 2 NI Wi-Fi and 4 Netgear Wi-Fi APs). These APs are all configured through laptops (via LAN connection) with the parameters mentioned in Table III .
For the coexistence of one Wi-Fi and one LTE-LAA, one of the SDRs is configured to operate as an LTE-LAA eNB and the other is configured as a Wi-Fi AP (i.e., Cell A is LTE-LAA and Cell B is Wi-Fi in Fig. 7) . Similarly, for the other two coexistence experiments, two Wi-Fi & two LTE-LAA and four Wi-Fi & two LTE-LAA are deployed. The NI LTE-LAA, NI Wi-Fi AP, and Netgear Wi-Fi APs are provisioned to transmit in the DL to their clients (one client per AP/eNB) on the same channel, Channel 161. Wi-Fi uses the 802.11a standard with 20 MHz bandwidth and LTE-LAA uses 100 RBs to cover the total 20 MHz bandwidth and 1 OFDM symbol in a subframe is assigned as the PDCCH symbol. The SDR transmission characteristics along with other experimental parameters under study are summarized in Table IV .
Scenario for Exploring the Throughput Performance: We change the number of nodes in each technology along with their data rates, TXOPs, and channel access parameters to investigate the throughput performance. Three different experiments are performed to compare throughput performance with the theoretical results calculated from the analytical models:
• Case 1 (Wi-Fi only): This is the baseline for comparison.
The contending nodes are configured to be Wi-Fi APs on the same channel, with 1 client per AP. The experiment is performed for video data transmission with W 0 = 16, m = 6, and packet length of N B = 2048 bytes. • Case 2 (Coexistence, LTE-LAA Class 1): One NI SDR or Netgear is configured to be the Wi-Fi AP and the V   NI EXPERIMENT COMPARED WITH THE THEORETICAL DERIVATION FOR  THREE CASES FOR 2 WI-FI NODE FOR WI-FI ONLY SCENARIO (WI-FI  AGGREGATE) In the NI Labview implementation, the retransmission stage (i) resets to zero after i exceeds m and the LTE-LAA D LT E is equal to DIFS, so we set e l = 0 and DIFS = D LT E in the analytical model to compare with the NI Labview data.
The results for two contending nodes (two Wi-Fi APs for Wi-Fi only and one Wi-Fi AP/one LTE-LAA eNB for coexistence scenario) are shown in Table V (all values in  the table are Mbps) , where the theoretical throughput of the Wi-Fi only network is from [1, eq. (13)] using the τ w (6) calculated in this paper and the theoretical throughput of the coexistence network is from (22) and (24) . As can be seen in Table V , the trend of aggregate experimental throughputs in the Wi-Fi only network (Case 1) are similar to the theoretical results for different data rates. In Case 2 and 3, the measured experimental throughputs for the coexistence of Wi-Fi and LTE-LAA show a similar trend to theoretical results. The experimental throughput values are usually larger than the theoretical values because in the theoretical modeling we assumed that any partial overlap of the transmitted frames from different nodes results in a collision; however, this may not happen in practice since the receiver node may be able  TABLE VI   NI EXPERIMENT COMPARED WITH THE THEORETICAL DERIVATION FOR  THREE CASES FOR 4 WI-FI NODE FOR WI-FI AGGREGATE  THROUGHPUT AND 2 WI-FI / 2 LTE-LAA FOR THE  COEXISTENCE SCENARIO to decode packets which are partially overlapped (particularly when the overlapped packet has lower interference power) [25] , [26] . Especially, if we compare the results of Case 2 and Case 3 in Table V with fixed r w = 9 Mbps and r l = 7.8 Mbps, we see that the gap between the theoretical and experimental throughput of the LTE-LAA in Case 2 is larger than Case 3.
We believe that this is due to a smaller contention window and TXOP in Case 2, which results in more access to the channel. As channel access increases, the number of frames overlapping with other frames increases. All overlaps are considered as collision in the theory, but in the experiment only part of these overlapped frames lead to collision; so, the gap increases. As the data rate increases, the relative gap between theory and experiment decreases for different sets of Wi-Fi and LTE-LAA parameters. Higher data rates (higher code rate and modulation scheme) are more sensitive to the interference, therefore the overlap of the packets leads more to collision in reality, which brings it closer to the theory. The total theoretical throughput in Case 2 for the coexistence scenario is 6.26 Mbps (for r w = 9 Mbps and r l = 7.8 Mbps) which is smaller than the aggregate theoretical throughput of 7.78 Mbps in Wi-Fi only. In Case 3, the total theoretical coexistence throughput is 6.75 Mbps (for r w = 9 Mbps and r l = 7.8 Mbps) which is again smaller than the theoretical Wi-Fi only throughput but by a lower margin as compared with Case 2. The reasons behind the smaller throughput of the coexistence network compared to the Wi-Fi only network is discussed in the next sub-section.
Similarly, the scenario is extended for 4 contending nodes (4 Wi-Fi APs for Wi-Fi only and 2 Wi-Fi APs/2 LTE-LAA eNBs for coexistence scenario) and 6 contending nodes (6 Wi-Fi APs for Wi-Fi only and 4 Wi-Fi APs/2 LTE-LAA eNBs for coexistence scenario). The results are presented in Table VI and VII. As the number of Wi-Fi and LTE-LAA contending nodes increases, the trend of the throughput in experimental and theoretical results are the same for both aggregate throughput in Wi-Fi only network and Wi-Fi/LTE-LAA aggregate throughput in the coexistence scenario. Also, by increasing the number of nodes, we observe the gap between the experiment and theory due to the same aforementioned reasons for the gaps in Table V.   TABLE VII   NI EXPERIMENT COMPARED WITH THE THEORETICAL DERIVATION FOR  THREE CASES FOR 6 WI-FI NODE FOR WI-FI AGGREGATE  THROUGHPUT AND 4 WI-FI / 2 LTE-LAA FOR THE  COEXISTENCE SCENARIO As the number of Wi-Fi and LTE-LAA nodes increase, the collision events increase resulting in lower throughput both in Wi-Fi only network and coexistence network. By increasing the number of nodes, the coexistence network achieves a lower throughput then the Wi-Fi only network (e.g. in Table VI; for r w = 9 Mbps and r l = 7.8 Mbps, coexistence system achieves the total throughput of 4.12 Mbps in Case 2 and 6.06 Mbps in Case 3 which is smaller than the Wi-Fi only network throughput of 7.24 Mbps), because the LTE-LAA TXOP is larger than Wi-Fi, any collision to LTE-LAA results in greater loss of airtime for transmission.
B. Numerical Results From Analytical Derivation
Having validated our analysis with experiments in the previous section, we now evaluate the coexistence performance of Wi-Fi and LTE-LAA for other scenarios via numerical evaluation of results in Sec. IV, for the parameters listed in Table III . For LTE-LAA LBT the class 2 and 4 parameters from Table II are used. The per user throughput in each network is calculated by dividing the total throughput over the number of nodes in that network (i.e. Wi-Fi per user throughput in a coexistence scenario is T putw nw ). Fig. 8 we show the results for the Wi-Fi only system with N APs and the coexistence system with n w = n l = N/2, W 0 = W 0 = 8, m = m = 1, LTE-LAA TXOP = 3 ms, r w = 9 Mbps, and r w = 8.4 Mbps. The other parameters are listed in Table III . The number of Wi-Fi APs N in the Wi-Fi only network is equally divided among the number of Wi-Fi APs and LTE-LAA eNBs in the coexistence network, i.e. n w = n l = N/2. We observe that the total throughput of Wi-Fi and LTE-LAA coexistence is lower than the total throughput of the Wi-Fi only network. In part this is due to LTE-LAA channel access obeying strict slot boundaries for transmission (i.e. LTE-LAA transmits a reservation signal to keep the channel until the start of the next slot) that wastes some fraction of channel use and hence degrades the coexistence throughput. Further, since the transmission duration of Wi-Fi is smaller than the LTE-LAA TXOP, the per user throughput of Wi-Fi in coexistence is lower than the LTE-LAA. 
Exploring Difference in TXOP of Wi-Fi and LTE-LAA: In

Exploring the Effect of TXOP and Contention Parameters:
In Fig. 9 , the Wi-Fi only system with N APs is compared against the coexistence system with n w = n l = N/2, W 0 = W 0 = 16, m = m = 6, LTE-LAA TXOP = 8 ms, r w = 9 Mbps, and r w = 8.4 Mbps; other parameters are listed in Table III . The total throughput of Wi-Fi and LTE-LAA is lower than the total throughput of Wi-Fi only network. In addition to the wasted channel opportunity for transmission due to the reservation signal, the transmission duration of LTE-LAA is more than Wi-Fi which causes LTE-LAA to have higher per-user throughput than the Wi-Fi only. The larger difference between coexistence and Wi-Fi only network throughput curves compared with Fig. 8 results because the LTE-LAA gets a higher opportunity for access and has a lower data rate compared with Wi-Fi. Table III . The Wi-Fi per user throughput in coexistence for N ≥ 8 is higher than the Wi-Fi only per user throughput, which indicates that fair coexistence based on the 3GPP definition [5] is achieved. The other observation is that the throughput of the coexistence network compared with the Wi-Fi only network achieves a) smaller total throughput for the fewer number of stations (N < 12) but b) higher throughput at the number of stations N ≥ 12. This is due to the smaller maximum retransmission stage of Wi-Fi (i.e., m) in which the Wi-Fi stations access the channel more frequently, as well as the fewer number of Wi-Fi stations in coexistence network, i.e. n w = N 2 , which causes fewer collision. This implies that in a specific network setup, the total throughput of coexistence network could be higher or lower than Wi-Fi only network depending on the number of stations.
Asymmetric Number of Wi-Fi and LTE-LAA Nodes:
The setup in Fig. 11 exactly follows that in Fig. 10 , but the total number of stations is fixed at 20, i.e., N = n w + n l = 20, while the number of LTE-LAA eNBs and Wi-Fi APs in the coexistence network are varying. The goal is to investigate the effect of the asymmetric number of Wi-Fi and LTE-LAA stations in coexistence network. The maximum throughput of the coexistence system occurs at n w = 1, n l = 19 which indicates that a larger number of LTE-LAA eNBs delivers a higher portion of total throughput in this scenario. Moreover, the throughput of coexistence network for any combination of Wi-Fi and LTE-LAA is higher than the Wi-Fi only system. By increasing the number of Wi-Fi and decreasing the number of LTE-LAA nodes, the throughput of both systems is seen to decrease. For the total range of the number of stations, the Wi-Fi per user throughput in coexistence network is higher than the Wi-Fi per user throughput in Wi-Fi only system, which illustrates that the 3GPP fairness is achieved regardless of the number of stations for this (per user throughput) metric.
Exploring the Higher Data Rate for Wi-Fi and LTE-LAA: The throughput performance of the coexistence system with the parameters W 0 = W 0 = 8, m = m = 1, LTE-LAA TXOP = 3 ms, and higher data rates for Wi-Fi and LTE-LAA, r w = 54 Mbps and r w = 75.8 Mbps, is illustrated in Fig. 12 . The other parameters are listed in Table III . The Wi-Fi per user throughput in coexistence is lower than the LTE-LAA per user throughput because the Wi-Fi frame airtime is smaller at higher Wi-Fi data rates while the LTE-LAA airtime (TXOP) is fixed. Smaller airtime of Wi-Fi, considering the same channel access parameters as LTE-LAA, leads to higher utilization of the channel by LTE-LAA. This also results in lower Wi-Fi per user throughput in coexistence compared with per user throughput of Wi-Fi only network, because in Wi-Fi only network the airtime and channel access parameters are the same for all users while in coexistence scenario, the LTE-LAA has a higher airtime. In Fig. 13 , the effect of changing the e l (retry limit after reaching to m ) the in LTE-LAA is investigated for different scenarios; the curves for class 2 follow the parameters of Fig. 8 and class 4 follow the Fig. 9 . For class 2 where W 0 = W 0 = 8 and m = m = 1, the total throughput as well as the per user throughput of Wi-Fi and LTE-LAA increases noticeably with retry limit, but much less for class 4 with W 0 = W 0 = 16 and m = m = 6.
C. Effect of ED Threshold on Coexistence Throughput
In Fig. 14, numerical results following the derivations in Sec. V illustrates the effect of varying ED threshold on the throughput of Wi-Fi in coexistence network with W 0 = W 0 = 16, m = m = 6, LTE-LAA TXOP = 8 ms, and Wi-Fi packet length 2048 bytes. Table VIII shows the ED probability calculated using (27) for different ED thresholds during the DIFS period with 680 samples, and other parameters as listed in Table III . By increasing the detection probability of Wi-Fi (P dw ) while keeping the detection probability of LTE-LAA (P dl ) (nearly) equal to 1, the Wi-Fi throughput decreases; similarly by increasing the detection probability of LTE-LAA (keeping the detection probability of Wi-Fi nearly equal to 1) the Wi-Fi throughput increases. By decreasing the ED threshold in Wi-Fi, the Wi-Fi nodes detect LTE-LAA stations at lower transmit power and thus defer their transmission (i.e., enter back-off) leading to lower Wi-Fi throughput. On the other hand, by decreasing the LTE-LAA ED threshold, the LTE-LAA detects more Wi-Fi stations with lower signal power and defers the transmission, so Wi-Fi stations have more opportunity for transmission which increases the throughput. Fig. 15 shows the effect of changing the detection probability of Wi-Fi and LTE-LAA on the throughput of LTE-LAA in coexistence similar to Fig. 14. By increasing the detection probability of Wi-Fi, the LTE-LAA throughput increases, and by increasing the detection probability of LTE-LAA, the LTE-LAA throughput decreases, although impact of changing ED threshold on LTE-LAA throughput is proportionally smaller compared with Wi-Fi. A similar conclusion can be drawn from Fig. 14. These results are in line with those presented by NI in [27] .
VII. CONCLUSION
In this work, we first presented a new model for analyzing the throughput performance for Wi-Fi and LTE-LAA coexistence. We then modified the model to incorporate ED sensing threshold to evaluate the impact of threshold choices on throughput performance. The maximum throughput in a coexistence scenario can be achieved by tuning the ED sensing threshold. To validate the proposed model, we also set up a lab experiment with NI Labview and compared the experimental throughput with the numerical results and showed very good correspondence between experiment and analysis. The throughput performance of a Wi-Fi and LTE-LAA in coexistence system depends on the channel access parameters, TXOP of LTE-LAA, and data rates of Wi-Fi and LTE-LAA. By changing these parameters, the Wi-Fi or LTE-LAA achieves higher per user throughput in coexistence network compared with the per user throughput in Wi-Fi only network. Finally, we note that these results also form the bedrock of a thorough and objective look at coexistence fairness in future, where we expect to show how the CSMA/CA and/or LBT parameters must be tuned to achieve fairness.
